Introduction
CITED1 was originally identified in a murine melanoma cell line and was shown to be associated with the process of melanogenesis (Shioda et al., 1996; Nair et al., 2001) . It was subsequently shown to function as a transcriptional coregulator of both the estrogen receptor and SMAD4 in a manner dependent on either estrogen receptor ligand binding or TGFb induced SMAD dimerization and its interaction with the CBP/p300 transcriptional coactivator Yahata et al., 2000) . Most recently, CITED1 has been defined as a marker for the differential diagnosis of papillary thyroid carcinoma (Aldred et al., 2004; Prasad et al., 2004; Prasad et al., 2005) .
It is thought that estrogen and TGFb act as reciprocal mediators that work in concert to attain the final branched epithelial structure of the mammary gland. It has been proposed that estrogen and TGFb act in a regulatory circuit where estrogen modulates the activation of TGFb which in turn regulates the proliferative response to estrogen (Ewan et al., 2002 (Ewan et al., , 2005 . Following our identification of CITED1 among a group of genes whose expression was specifically upregulated in the pubertal mouse mammary gland, we hypothesized that CITED1 acted to mediate signals from both estrogen and TGFb in accordance with its previously elucidated mechanism of action.
Here, we demonstrate that loss of CITED1 expression in mice leads to retarded mammary ductal growth in comparison to age-matched heterozygous and wild-type littermates. Additionally, aberrant ductal morphogenesis is evident by dilated and spatially unconfined ductal structures. We conclude that CITED1 functions to affect the expression of both individual estrogen and TGFb downstream transcriptional target genes in the pubertal gland, which accounts for the defective growth and branching observed.
Results

CITED1 expression during pubertal mammary development
Using Affymetrix microarray analysis, we identified 72 genes whose expression was at least twofold higher in pubertal mammary glands (5-6 week) than in 3 wk, midpregnant, lactating, involuting or resuckled glands. Prominent among these were CITED1 and amphiregulin ( Figure 1a ) (Full list of genes in Supplementary data 1). Quantitative real time PCR established a correlation between the expansion of the mammary tree at puberty (3-7 week) and the increase in CITED1 expression (Figure 1b) . Quantitative RT-PCR ( Figure 1b ) and western analysis ( Figure 1c) showed a similar pattern of CITED1 RNA and protein expression in the pubertal mammary gland and during pregnancy and lactation.
The epithelial structure of the pubertal mammary gland is characterized by evenly spaced ductal branches terminating in end buds (TEBs) which function to direct epithelial invasion of the fat pad ( Figure 2A ). We localized the CITED1 protein to the luminal, epithelial, cell population of the ductal structures ( Figure 2B ). CITED1 was excluded from the outer layer of cells staining positively for the myoepithelial cell marker, smooth muscle actin ( Figure 2B (a) ) but clearly located in b-catenin positive cell population ( Figure 2B (b) ). In individual luminal epithelial cells, CITED1 was cytoplasmic and nuclear, cytoplasmic and weakly nuclear or cytoplasmic alone. In addition, CITED1 positive cells were found adjacent to cells that did not stain for CITED1 ( Figure 2C , left panels).
TEBs of the pubertal mammary gland are comprised of epithelial body cells (preluminal cells) and a single outer layer of multipotent progenitor cap cells which are continuous with and ultimately differentiate into ductal myoepithelial cells (Williams and Daniel, 1983) . CITED1 staining was limited to the body cells ( Figure 2C , right panel) and a gradient of staining was evident, with the outer 'proliferating' body cells staining more intensely than the inner layers, adjacent to the lumen (inset). CITED1 staining was excluded from the peripheral cap cell layer of the TEBs in all cases. We conclude that CITED1 is found selectively in a subset of luminal and preluminal epithelial cells in the pubertal mammary gland.
CITED1 KO mice
The targeting construct ablated the second and third exons of the CITED1 gene. It contained a region of 5 0 homology interrupted with a coding sequence for a LacZ gene and a PKG-Neo expression cassette, and was followed by a 3 0 homologous region ( Figure 3A ). Homologous recombinants were identified following BamHI restriction and hybridization with sequences located 5 0 and external to the homology arm. The probe hybridizes with a 9.3 kB fragment in the wild-type allele and a 5.0 kB fragment in the targeted mutated allele. Southern analysis indicated the presence of both the wild-type and mutated allele in F1 animals ( Figure 3B ). Routinely mice were genotyped using PCR analysis. The CITED1 KO mice were fertile and produced offspring through multiple generations. However, the CITED1 null mice displayed a sex ratio distortion in favour of males. The number of males significantly outnumbered the number of female offspring, counted at weaning, for all matings between À/À females and À/Y males in the breeding programme (w 2 value ¼ 6.891; P-value ¼ 0.0087) [see Supplementary data 2]. As yet an explanation for the sex ratio distortion observed has not been found.
LacZ/b-galactosidase expression (under the control of the endogenous CITED1 promoter) was seen in the forelimb arm but was not found in the hand plate or digits of the forelimb in the 12.5 dpc embryo ( Figure 3C ). Similarly, staining in the hindlimb leg but not the digits or footplate was evident (data not shown), findings consistent with mapping of CITED1 expression in the developing mouse embryo . Based on LacZ staining, the CITED1 promoter was active in the prepubertal 3 wk mammary gland ( þ /À or À/À) but confined to the epithelial structures ( Figure 3D (b) ). Some nonspecific lymph node staining was seen on occasion ( Figure 3D (a) ) but no nonspecific staining of the epithelial component in wild-type mammary glands was ever found. In the pubertal 5 week gland LacZ staining was evident in the developing epithelial tree ( Figure 3D (c) ). No LacZ staining was seen in a pubertal wild-type gland ( Figure 3D (a) ). Higher magnification analysis ( Figure 3D (d-f) ) and LacZ wholemount paraffin-embedded sections ( Figure 3D (g, h) ) confirmed CITED1 promoter activity Requirement for CITED1 expression for mammary ductal outgrowth Wholemount analysis showed the ductal outgrowth in CITED1 À/À pubertal mammary glands (6 week) was frequently reduced in comparison to age-matched þ /À littermates and wild-type þ / þ mice ( Figure 4A (a-c) ). To quantify our observations, the mammary fat pad was divided into four theoretical compartments in the direction of growth from the nipple (see Figure 4A (d), schematic); at 6 weeks, 48% of the À/À mammary trees had not grown further than compartment one. In contrast, the mammary tree had progressed further CITED1 in the pubertal mammary gland J Howlin et al than compartment one in 73% of the age matched þ /À glands, and in 96% of the age matched þ / þ glands ( Figure 4A (d)). Based on this analysis, the extent of ductal outgrowth observed in the þ / þ and þ /À was greater than in the À/À glands (The distribution of glands into each compartment is statistically significantly different between þ / þ and À/À (Po0.005) and between þ /À and À/À (Po0.005) but not between þ / þ and þ /À (P>0.05); in total 153 glands were used for calculation). Despite this pubertal deficit in mammary tree development, all CITED1 À/À female mice were capable of nursing their pups post-partum, indicating lactational competency. Indeed examination of older virgin glands shows eventual full occupation of the fat pad by the mammary tree at 12 months ( Figure 4B , top panel). The lower panels in Figure 4B show an equivalent level of development between a 12 day pregnant wild-type C57BL/6 mouse and a 12 day pregnant À/À mouse. Additionally greater than 90% of pups born to and suckled by À/À dams survive to weaning. This is comparable to the wild-type dams and confirms the nursing ability of the À/À mice. We also For ease of comparison wild-type pubertal carmine stained wholemounts are shown; (e) a wild-type C57BL/6 gland at 6 week (f) a wild-type C57BL/6 gland at 8 week. Inset: evenly distributed ducts of wild-type C57BL/6 at 6 weeks.
CITED1 in the pubertal mammary gland J Howlin et al demonstrated that the deficient growth at puberty was not hormone dependent as no significant difference in circulating estradiol levels was detected between þ /À and À/À females ( Figure 4C ). The CITED1 À/À mammary tree was also characterized by dilated ductal structures. Figure 4D (a) shows a 6 week À/À gland with retarded ductal outgrowth and dilated ductal structures (black arrow); such dilated ducts could persist until 7 week of age ( Figure 4D (b) ). Also, the normally ordered pattern of mammary tree growth was disturbed in CITED1 deficient glands. Normally, ductal outgrowth forms a regularly spaced ductal tree (Robinson et al., 1991; Daniel et al., 1996) . In the CITED1 homozygous null mice, the branches overlapped to a significant extent leading to a deficit in their ordered pattern of spatial distribution CITED1 in the pubertal mammary gland J Howlin et al ( Figure 4D (c, d) ). A branch ending in a TEB that has turned back on itself is highlighted in Figure 4D (c, inset) and overlapping ducts and TEBs are evident in Figure 4D (d, inset). Normal branching in wild type virgin C57BL/6 mouse glands is shown in Figure 4D (e and f) for ease of comparison.
Gene expression analyses of CITED1 null mammary glands The potential mechanisms by which loss of CITED1 led to stunted and disturbed patterning of mammary ductal outgrowth were investigated by gene expression analysis. The epithelial trees of the pubertal mammary glands used for the expression analysis were allowed to grow to an equivalent extent (as far as the lymph node). Wholemounts were generated from the left fourth inguinal mammary gland of þ / þ , þ /À and À/À mice and RNA isolated from the contralateral gland. To achieve this equivalency of ductal outgrowth, age ranged from 5 (wild-type) to 6.5 week (À/Àmice). The mammary glands were cut just past the lymph node and the distal portion of the gland ( þ lymph node) discarded. CITED1 expression was highest in the þ / þ glands, followed by the þ /À and then the À/À glands. The expression of genes directly or indirectly controlled by CITED1 was expected to follow this pattern. Therefore, genes were selected that were downregulated twofold or greater in the À/À versus the þ / þ gland but that had an intermediate expression level in the þ /À gland ( Figure 5A (b) ). Genes whose expression was directly or indirectly negatively regulated by CITED1 should display the opposite expression profile. Therefore, genes were selected that were upregulated twofold or greater in the À/À versus the þ / þ gland, but that had an intermediate expression level in the þ /À gland ( Figure 5A (d) ). Additionally, we selected genes that were downregulated two fold or greater in the À/À versus the þ /À gland regardless of their expression level in the þ / þ gland or upregulated twofold or greater in the À/À versus the þ /À gland regardless of their expression level in the þ / þ gland ( Figure 5A (a), (c) ). This was because the growth pattern of the þ / þ and the þ /À gland was shown to be not significantly different and there was a possibility that some of the changes seen between the þ / þ and À/À samples could be due to a difference in mouse strain. Owing to the proposed mechanisms of action of CITED1, we hypothesized that the loss of CITED1 may induce an alteration in either estrogen or TGFb signalling. We categorized the genes whose expression changed in the absence of CITED1 into those that were reportedly responsive to either estrogen (Tang et al., 2004) 
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Two genes, one estrogen responsive, and one TGFb responsive, that were downregulated in the absence of CITED1 ( Figure 5A (a) ), were further analysed. Amphiregulin is the major EGF receptor ligand active during pubertal mammary ductal outgrowth in the mouse (Kenney et al., 1995 (Kenney et al., , 1996 Luetteke et al., 1999) and its expression has been shown to be regulated by estrogen (Martinez-Lacaci et al., 1995; Soulez and Parker, 2001 ). Thrombospondin-1 is an adhesive glycoprotein component of the extracellular matrix (Sid et al., 2004) . It binds and activates latent TGFb (Negoescu et al., 1995; Munger et al., 1997) . Quantitative real-time RT-PCR analysis confirmed that the expression of both amphiregulin and thrombospondin-1 parallels the expansion of the ductal tree at puberty in a similar way to CITED1 (compare Figure 5B (a) , (c) to Figure 1b) . Also, in CITED1 À/À glands at puberty, both amphiregulin and thrombospondin-1 transcript levels were reduced in comparison to age matched and outgrowth matched þ /À glands. In CITED1 À/À mammary glands with significantly reduced/underdeveloped ductal outgrowth both amphiregulin and thrombospondin-1 transcript levels are reduced further still ( Figure 5B (b), (d)) .
At the protein level at 3 week, where CITED1 þ /À and À/À glands have an equivalent extent of ductal outgrowth, the À/À glands had reduced levels of amphiregulin ( Figure 6A (a) ), this pattern was also seen at 6.5 week. The results obtained by western blot were corroborated by ELISA ( Figure 6A (b), inset): An underdeveloped À/À mammary gland (6.5 week) had lower levels of amphiregulin than an age matched developed À/À gland which showed lower levels than a fully outgrown ( þ /À) gland ( Figure 6A (b) ).
Lastly, amphiregulin is one of a number of genes whose expression has been shown to be affected by parity (D'Cruz et al., 2002) . Using 5-month-old CD1 mice, we measured the levels of both amphiregulin and CITED1 protein one month following weaning, in the mammary glands of mice that had undergone one pregnancy, and in mammary glands of 5-month-old CD1 mice that had not undergone a pregnancy. We found that the levels of both amphiregulin and CITED1 protein in the parous mice were reduced with respect to the mammary glands of age-matched, nulliparous controls ( Figure 6B (a, b) ).
Discussion
CITED1 has been characterized as a transcriptional coregulator of both the estrogen receptor and SMAD4, suggesting it may mediate transcription of estrogen and/ or TGFb responsive genes in the mammary gland Yahata et al., 2001) . The generally accepted roles of estrogen and TGFb during pubertal ductal morphogenesis are that of growth promotion and selective growth inhibition, respectively. Estrogen functions to mediate the proliferative drive by local production of growth factors that act on both the stromal and epithelial compartment, for example, the EGF receptor ligands (Stern, 2003) . In contrast, TGFb is thought to primarily affect ductal patterning by regulating discrete local growth restriction, the result of which is the ordered sculpting of the epithelial tree (Silberstein and Daniel, 1987) . The evidence of Ewan et al. (2002) is suggestive of a regulatory circuit where estrogen regulates the activation of TGFb, which in turn functionally restrains the proliferative response to hormonal signalling. This is supported by the evidence that steroid receptors (both ER and progesterone receptors) can be frequently colocalized in cells with active TGFb and that this population of cells is generally not proliferative (Zeps et al., 1998; Ewan et al., 2002 Ewan et al., , 2005 . Thus, we can suggest that estrogen controls cell proliferation by an indirect mechanism where ER positive cells, when exposed to hormonal stimuli, produce growth factors that stimulate the proliferation of adjacent (mainly ER negative) cells (Russo et al., 1999) . The ER positive cells are proposed to not be proliferative as a result of the action of TGFb (Ewan et al., 2002 (Ewan et al., , 2005 . Exactly how TGFb may negatively influence the growth of ER positive cells is unknown but one possible mechanism is that of an inhibitory interaction between SMAD4 and the ER as it has recently been shown that SMAD4 acts as a transcriptional corepressor for ER (Wu et al., 2003) .
In this study, in the absence of CITED1, we observed a reduction in ductal outgrowth, consistent with reduced estrogen signalling, aberration of ductal patterning, consistent with reduced TGFb signalling, and alteration in the expression pattern of a number of genes involved in mammary gland development, consistent with disrupted signalling mechanisms. We hypothesize that CITED1 acts in the developing mammary gland to mediate signals from both estrogen and TGFb, to affect the expression of their respective downstream transcriptional target genes and ultimately to control epithelial growth and patterning of the developing mammary gland. We suggest that there may be a reduction in estrogen induced growth factor signalling in the absence of CITED1. In support of this, CITED1 expression is highest in those cells that form the proliferative, surviving population that will give rise to the ductal epithelium but lower in the epithelial body cells in the centre of the TEB that succumb to programmed cell death (Humphreys, 1999) . In particular, we examined the affect of CITED1 loss on the expression of the estrogen-responsive, EGF receptor ligand, amphiregulin.
The genes identified by microarray analysis of transcripts in wild-type, CITED1 heterozygous and CITED1 homozygous null mammary glands serve to validate a hypothesis of reduced estrogen driven proliferation (e.g., the downregulation of amphiregulin and HGF expression) and of a disturbance in TGFb mediated extracellular matrix protein regulation (e.g., expression of thrombospondin-1). Ligands of the EGF receptors are believed to be particularly important downstream mediators of estrogen action in the mammary gland (Xie et al., 1997; Wiesen et al., 1999) . Amphiregulin, in particular, is recognized as a primary EGF receptor ligand required specifically for pubertal ductal outgrowth. Amphiregulin is highly expressed during puberty relative to the other EGF receptor ligands and significantly, loss of amphiregulin results in stunted ductal outgrowth at puberty (Luetteke et al., 1999) . Amphiregulin is thought to act through the EGF receptor dimer consisting of a heterodimeric complex of EGFR and ErbB2 molecules at puberty. Loss of EGFR in knockout mouse models results in a defect in ductal outgrowth and, interestingly, in the case of EGFR, abnormally large distended lumina, similar to the CITED1 null mice (Wiesen et al., 1999) .
The ability of the CITED1 À/À postpubertal mammary gland to 'catch up' also suggests that the À/À mammary gland phenotype is a true pubertal phenotype and confines the requirement for CITED1 function, similar to amphiregulin, to the pubertal period. We hypothesize that while during puberty CITED1 probably contributes to aspects of estrogen driven transcription, in the postpubertal and pregnant gland it must not contribute to the significant estrogen driven transcription that is required for mammary tree expansion. Consistent with this hypothesis, we have additionally shown that CITED1 levels are downregulated by parity in a similar manner to amphiregulin as identified by D'Cruz et al. (2002) . This parallel expression pattern of CITED1 and amphiregulin lends further evidence to link the regulation of their expression. From this, we propose that CITED1 acts upstream of an amphiregulin-EGFR/ErbB2 signal during pubertal ductal morphogenesis.
Materials and methods
Genotyping ES cells, mice and embryos were genotyped by southern analysis, initially, and by PCR routinely. Genomic DNA samples were prepared from tails or embryos by using a genomic DNA Purification kit obtained from Puregenet/ Gentra Systems, USA. Primers to amplify the wild type locus were: forward 5 0 AACAGAATCGGTGGCTTTTT3 0 and reverse 5 0 AACCCCCATCCTTCAACCTG3 0 giving a product size of 439 bp. For the mutated locus, forward 5 0 CGCTTGGGTGGAGAGGCTAT3 0 and reverse 5 0 GACCT TGAGCAG GTACTCAG3 0 giving a product size of 1.2 kbp.
Tissue processing
Mice were euthanased by cervical dislocation. The fourth inguinal mammary glands were dissected out, snap frozen in liquid N 2 and stored at À801C. RNA was isolated using TRI REAGENT s (Molecular Research Centre Inc.) from 6-to 6.5-week-old glands developmentally-matched in terms of ductal outgrowth (based on wholemount of the contralateral fourth inguinal gland), unless otherwise stated. Protein nuclear extracts were prepared using a protocol modified from de Groot and Sassone-Corsi (1992) (de Groot and Sassone-Corsi, 1992; Furlong et al., 1996) .
Serum estradiol levels
Serum was isolated from blood samples collected from 6-to 6.5-week-old mice. Serum samples from up to three mice were pooled together where necessary in order to reach a minimum volume of 150 ml. Serum estradiol levels were measured using the IMx Estradiol assay (Abbott Laboratories).
Wholemount analysis
Wholemounting, carmine staining and analysis was carried out essentially as described by O'Connell and Martin (2000) . For LacZ staining, glands or embryos were removed whole to PBS/ MgCl 2 (2 mM) on ice and subsequently stained using a LacZ reporter-staining kit (Invivogen, San Diego, CA). Following staining, the tissue was washed in increasing concentrations of ethanol (70-95%) before immersion in Accustain s , xylene substitute (Sigma). The glands or embryos were then spread with forceps on a microscope slide and visualized similarly to carmine wholemounts. Alternatively or additionally the samples were embedded in paraffin wax for sectioning.
Immunohistochemistry
Mammary glands were fixed overnight in 10% formalin (Sigma), embedded in paraffin and 5-10 mm sections were cut. Antigen unmasking was carried out using citrate buffer (0.01 M citric acid), pH 6.0. The sections were incubated with anti-smooth muscle actin mouse monoclonal (Sigma, 1/200), anti-b-catenin mouse monoclonal (BD Transduction Laboratories, 1/100) or anti-CITED1 rabbit polyclonal antibody ( , 1/500) at 41C overnight. Secondary antibodies were conjugated to FITC or Texas Red (Molecular Probes) for visualization. Hoechst 33432 (Sigma, 0.0001%) was used as a nuclear counterstain. Slides were mounted in Citifluor (Agar) sealed under a coverslip, and visualized with an Axioplan 2 Zeiss Microscope (100 Â -1000 Â magnification). Images were captured using Carl Zeiss AxioVision Version 3 software. ELISA ELISA plates were coated overnight with 2 mg of the amphiregulin antibody (R&D systems, Minneapolis, MN) and incubated for 1 h in 1% BSA, 5% sucrose and 0.05% NaN 3 , phosphate-buffered saline at room temperature. After washing, 10 mg of sample was added for 2 h, at room temperature. Bound protein was detected using a biotinylated rat IgG detection antibody (KPL, Gaithersburg, MD), followed by HRP-conjugated-streptavidin (R&D systems, Minneapolis, MD). Absorbance was measured at 450 nm.
RT-PCR and western analysis
Reverse transcription was performed using 2 mg of total RNA, random primers and Superscript II reverse transcriptase (Invitrogen Life Technologies). Real-time PCR was performed by SYBR Green PCR (Qiagen) using a Lightcycler (Roche) according to the manufacturer's instructions. The following primers were used at a concentration of 10 mM: amphiregulin forward 5 0 GACTCACAGCGAGGATGACA3 0 and reverse 5 0 CTGTGATAACGATGCCGATG3 0 ; thrombospondin-1 forward 5 0 GTCTCCATGGTCGTCCTGTT3 0 and reverse 5 0 TTTCTTGCAGGCTTTGGTCT3 0 , and CITED1 forward 5 0 CATCCTTCAACCTGCATCCT3 0 and reverse 5 0 ACCAGCAGGAGGAGAGACAG3 0 . The cycling conditions were: one cycle of 951C for 15 min, 40 cycles at: 941C for 15 s, 601C for 20 s, 721C for 12 s, one melt cycle of 951C for o1 s, 651C for 30 s, 951C for o1 s and one cool cycle of 401C for 30 s. Reactions were carried out in duplicate for each cDNA. In each case only one PCR product was amplified under these conditions according to a melting curve analysis.
Relative expression values were normalized to a standard curve using cDNA prepared from a 5-week-old CD1 mouse mammary gland and also to 18S expression levels for each individual cDNA as previously described (Nicolas et al., 2003; Zhou et al., 2003; Morse et al., 2005) . Additional information on quality control and 18S normalization can be found in Supplementary data 4. Semi-quantitative RT-PCR was carried out as previously described (O'Connell and Martin, 2000) .
Western analysis was carried out essentially as we have recently described (Murtagh et al., 2004) . Primary antibodies used were: antiamphiregulin (1:500, mouse monoclonal, R&D systems, Minneapolis, MN,) and anti-CITED1 (1:1000, mouse monoclonal, ).
Microarray analysis
Oligonucleotide microarray analysis was performed with the Affymetrix s Gene Chip Expression analysis system (High Wycombe, UK) using standard protocols. For the 'developmental array' analysis, RNA was isolated from the mammary glands of CD-1 mice at 3 wk, 5 and 6 wk (pooled), 12 and 14 days pregnant (pooled), 3 and 18 h resuckled after 40 h of involution (pooled) and from 2 days involuting dams. In each case the entire mammary gland was removed intact, including the mammary lymph node. The pooled samples comprised of tissue from no less than three animals for each timepoint and the entire experiment was independently replicated. The first set of pooled samples was hybridized to the Mu11k arrays and the replicate samples to the MG74Av2 arrays. For the 'CITED1 KO array' analysis, RNA was isolated from the mammary glands of 5.5 to 6.5-week-old C57BL/6 mice or CITED1 KO (homozygous null or heterozygous) mice. Glands were dissected from the nipple to the limit of the epithelial outgrowth excluding the mammary lymph node. Tissue was pooled from at least three animals and the entire experiment was independently replicated. The quality of the labelled cRNA was confirmed by hybridization to Affymetrix test chips. The set of pooled samples were hybridized to the MOE430A arrays. Data analysis was carried out using GeneSpringt Version 6.1 (Silicon Genetics, Redwood City, CA, USA) as described previously (Gallagher et al., 2003) .
